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ABSTRACT 

Induction of defense-related enzymes, such as phenylalanine ammonia lyase (PAL), peroxidase (PO), 
polyphenol oxidase (PPO), superoxide dismutase (SOD) and catalase (CAT) due to bacterial 
antagonists viz., Pseudomonas fluorescens (Pfl) and Bacillus subtilis (EPC016) and plant-derived 
lipoxygenase volatile compound hexanal, were studied in mango fruits against Lasiodiplodia 
theobromae causing stem-end rot disease. The results showed increased induction of all the 
defense-related enzymes in mango fruits 3-5 days after dipping treatment with combination of 
bacterial antagonists and hexanal when compared to untreated control treatment and treatment 
with fungicide carbendazim in storage condition. The increased activity was observed up to 3 days 
after treatment and thereafter declined. Further, increased expression of specific isoforms of PO, 
PPO, SOD and CAT were also observed in the treatment effect of P. fluorescens (0.5%) + hexanal 
(0.02%) treated fruits against L. theobromae. From the results obtained, it is inferred that due to the 
enhancement of defense-related enzymes via the phenylpropanoid pathway and due to secretion 
of secondary metabolites that would play significant role in hindering the pathogen quiescence 
and further invasion in mango fruits and thereby prevent the fruit rot. 
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Introduction 

The mango ( Mangifera indica L.), belongs to the Anacardia- 
ceae family, is one of the world’s most important and repu¬ 
table fruits and is widely known as the ‘King of fruits’ 
(Purseglove 1972). In India, mango is a very important cul¬ 
tural and religious symbol (Litz 2009). The area under 
mango cultivation and production have both increased mani¬ 
fold in the past three decades, but expected productivity is 
very low when compared to that of other countries. However, 
trade of mango has been limited by the perishable nature of 
this fruit which is susceptible to extremes of temperature 
and physical injury and due to postharvest losses of mango 
fruits accounting to 25-40% annually worldwide (Pathak 
1980). Around 27 different genera of fungi are known to 
cause diseases in mango fruits (Prakash & Srivastava 1987) 
of which stem-end rot caused by Lasiodiplodia theobromae 
Pat. (Griffon & Maubl.) is the most important one (Johnson 
Sc Coates 1993). 

This stem-end rot disease can render the fruits completely 
ineffective as it destroys the developed or developing fruits in 
storage condition. Stem-end rot affected trees produce com¬ 
pletely unmarketable fruit by disrupting carbohydrate-sugar 
synthesis, accumulation and translocation. Even though the 
expanded use of chemical fungicides remains the main 
means of control, they are now being supplanted by non¬ 
chemical measures that are more specific towards the target 
pathogen and hence more eco-friendly. Potential antagonists, 
especially Pseudomonas fluorescens , Bacillus subtilis and 
plant-derived lipoxygenase volatile compound hexanal, are 
promising candidates as bio-protectants. Antagonists com¬ 
pete with pathogens for nutrients and space, and trigger 


induced immunity reaction in the fruit (Vivekananthan 
et al. 2004a). Hexanal, an inhibitor of phospholipase D, has 
been successfully applied for the pre- and postharvest treat¬ 
ment of fruits, vegetables and flowers (Tiwari & Paliyath 
2011). The antimicrobial activity against decomposing 
microbial species of hexanal was already tested in model as 
well as in real systems (Gardini et al. 1997). The efficacy of 
hexanal as a metabolizable organic fungicide and the 
improvement of the aroma production by the interconversion 
to other aroma volatiles in minimally processed apples (Song 
et al. 1998). Indeed, it positively overwhelmed the shelf life by 
reducing the growth of natural occurring pathogen popu¬ 
lation during storage at 4°C and 15°C (Lanciotti et al. 
2004). In addition, hexanal is commercially approved safer 
food additive by the U.S. food and drug administration pro¬ 
gram on everything added to food in the United States and 
has an ORL-MAM LD50 of 3700 mg kg -1 (Thavong et al. 
2011). 

Induced systemic resistance (ISR) is defined as an 
enhancement of the plant defensive capacity against a 
broad spectrum of pathogens and pests that is acquired 
after appropriate stimulation (Reddy 2013). Defense reaction 
occurs due to the accumulation of PR-proteins, phytoalexins, 
chalcone synthase, peroxidase (PO), polyphenol oxidase 
(PPO), phenylalanine ammonia lyase (PAL), P-1-3 glucanase, 
chitinase and total phenol (Ganeshamoorthi et al. 2008). It is 
well known that induction of systemic resistance is mechan¬ 
ism by which plant defense networks are activated by bacteria 
to fight against pathogen infection (Kloepper et al. 2004). 
Combined application of two or more biocontrol agents 
with preferred substrates, which in turned out to be more 
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efficient than either of them alone (Narayanan et al. 2016). 
Therefore, use of compatible bacterial antagonist as consortia 
would emphasize more effective against postharvest diseases 
(Sangeetha et al. 2010). Induction of defense enzymes has 
been reported against several postharvest pathogens by bio- 
inoculants (Peeran et al. 2014; Wang et al. 2014; Guo et al. 
2015). With this background the present study was taken 
up with the objective to unravel the induction of various 
defense-related genes encoding proteins incriminated in 
strengthening of host cell walls due to effective combination 
of lipoxygenase compound hexanal and bacterial biocontrol 
agent’s treatments in response to infection by L. theobromae. 

Materials and methods 
Pathogen source 

The cultivar Neelum mango fruits exhibiting stem-end rot 
symptoms caused by L. theobromae were collected from 
Kanyakumari region of Tamil Nadu State, India. The patho¬ 
gen was isolated as pure culture (L. theobromae KKNT fungal 
strain) and subcultured on the potato dextrose agar (PDA) 
medium supplemented with vitamin B complex (100 ppm) 
and incubated at room temperature (28 ± 2°C) for 5 days. 
After attaining the full radial mycelial growth of pathogen 
on plates immediately exposed to near UV light for sporula- 
tion. The suspension of conidia was prepared from 7-12- 
day-old culture, by inundating the plates with sterile water, 
vortexing the suspension and filtering through cheese cloth. 
Then the suspension was adjusted to 10 -4 spores ml -1 
using a hemocytometer. 

Pathogenicity 

Uniform-sized fruits were selected, washed under running tap 
water, blot dried and surface sterilized with 70% ethanol. The 
surface of the fruits were gently pricked with a sterile needle 
in 4-5 places and a 5 mm mycelial disc taken from actively 
growing culture was placed on the injured area. Which was 
further covered with a thin layer of sterilized moist cotton 
and the inoculated fruits were incubated in polythene covers 
to maintain humid conditions for induction of disease 
symptoms. 

Bacterial antagonists and hexanal 

Bacterial antagonist’s viz., P. fluorescens Pfl isolated from 
black gram and B. subtilis EPC016 isolated from cotton 
were supplied by Department of Plant Pathology, Tamil 
Nadu Agricultural University, Coimbatore. Lipoxygenase 
volatile compound hexanal was obtained from Department 
of Nano Science and Technology, Tamil Nadu Agricultural 
University, Coimbatore. 

Compatibility assay 

One milliliter of the bacterial cultures of P. fluorescens and 
B. subtilis was transferred separately to a 250 ml conical 
flask containing 100 ml of King’s B and nutrient broth 
amended with hexanal at three different minimum inhibitory 
concentrations (0.02%, 0.04% and 0.06%). Control was 
maintained without addition of hexanal in King’s B and 
nutrient broth. The flasks were incubated at 28 ± 2°C in a 


mechanical shaker. Three replications were maintained in 
each concentration. The optical density value of the culture 
broth was determined in UV-Visible spectrophotometer 
(Varian Cary 50 UV-VIS spectrophotometer) at 610 nm at 
regular intervals of 12 h and the observations were made 
over a period of 24, 48, 72 h interval, respectively. 

In vitro screening of bio-inoculants 

P. fluorescens Pfl and B. subtilis EPC016 were tested for their 
efficacy against L. theobromae by the dual culture technique 
(Dennis & Webster 1971) in PDA medium. Three replica¬ 
tions were done with each bio-inoculants. The Petri plates 
were incubated at room temperature (28 ± 2°C) and the inhi¬ 
bition area was measured (Kishore et al. 2005). 

Inoculation of pathogens and postharvest treatments 

Healthy, even size and mature green mangoes of susceptible 
cv. Neelum were collected from mango growing area of 
Tamil Nadu state, India. The fruits were surface sterilized 
in 1% sodium hypochlorite solution for 15 min and rinsed 
with sterile water thrice. Six holes were made randomly at 
the equatorial region of fruit surface with a borer (3 mm 
diameter, 3 mm depth). Each hole was inoculated with 
30 pi of Lasiodiplodia spore suspension using a micropipette. 
Control fruits were spotted by sterile deionized water. Then, 
the pathogen inoculated fruits were further treated by dipping 
with bacterial antagonists (2 x 10 9 CFU ml -1 ) in combination 
with and without hexanal (0.02%). Fruits treated with hexanal 
alone (0.02%), individual antagonists alone, fungicide carben- 
dazim (0.1%) alone and untreated healthy control and 
untreated pathogen inoculated control were stored at room 
temperature (28 ± 2°C) and analyzed from 0-7 days after 
treatment. Each experiment was repeated thrice. 

Sample collection and enzyme extraction 

To study the induction of defense enzymes in response to 
postharvest pathogens in mango fruits, samples were col¬ 
lected from individual treatments starting from day 0 until 
day 7 at 48 h intervals. Samples were extracted by using suit¬ 
able buffer at chilled condition. The homogenate was centri¬ 
fuged for 20 min at 10,000 rpm. Protein extracts prepared 
from fruit samples were used for estimation of defense 
enzymes. 

Assay of defense-related enzymes and compounds 
Phenylalanine ammonia lyase 

For preparation of the enzyme extract, 1 g of each peel and 
pulp of the fruit was homogenized in 5 ml of ice cold 0.1 M 
sodium borate buffer (pH 7.0) containing 1.4 mm of mercap- 
toethanol and 50 mg of insoluble polyvinyl pyrrolidone using 
chilled pestle and mortar. The homogenate was filtered 
through cheese cloth and the filtrate was centrifuged at 
10,000 rpm for 20 min at 4°C. The supernatant was used 
for the assay of PAL activity. Assay of PAL activity was deter¬ 
mined at 30°C by direct spectrophotometric measurement of 
the conversion of 1-phenylalanine to trans -cinnamic acid at 
290 nm (Dickerson et al. 1984). The reaction mixture con¬ 
tained 3.1 ml of 0.1 M sodium borate buffer (pH 8.8), 
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0.2 ml of the enzyme extract and 0.1 ml of 12 mM 1-phenyl- 
alanine prepared in the same buffer. The blank was run by 
taking 3.1 ml of 0.1 M sodium borate buffer (pH 8.8) and 
0.2 ml of the enzyme extract. The reaction mixture and the 
blank were incubated at 30°C for 30 min and the reaction 
was stopped by adding 0.1 ml of 3 N HCL. An extinction 
coefficient of 9630/mole cm -1 was determined for trans-c in- 
namic acid in 0.1 M borate buffer (pH 8.8) (Zucker 1965). 
The extinction coefficient was used to calculate the amount 
of product synthesized min -1 . Phenylalanine ammonia 
lyase enzyme activity was expressed in qmol of trans-c in- 
namic acid produced min -1 g -1 on fresh tissue. 

Peroxidase 

Using chilled pestle and mortar, 1 g of each peel and pulp 
sample from fruit was homogenized in 5 ml of ice cold 
0.1 M sodium phosphate buffer (pH 6.5). To which a bit of 
polyvinyl pyrrolidone (PVP) was added. The homogenate 
was centrifuged at 10,000 rpm for 10 min at 4°C and the 
supernatant was used as the enzyme source for the assay of 
PO activity. PO (EC 1.11.1.7) activity was assayed using the 
modified method of Hartee (1955). The reaction mixture con¬ 
sisting of 1.5 ml of 0.05 M pyrogallol, 0.5 ml of enzyme 
extract and 0.5 ml of 1% H 2 0 2 was incubated at room temp¬ 
erature (28 ± 2°C). At the beginning of enzyme reaction, the 
absorbance of the assay mixture was set to zero at 420 nm 
in the UV-Visible spectrophotometer (Varian Cary 50 UV- 
VIS spectrophotometer) and the change in the optical density 
absorbance was recorded at 30 s intervals for 3 min. Boiled 
enzyme preparation served as control. The PO enzyme 
activity was expressed as change in the absorbance of the 
reaction mixture min -1 g -1 on fresh weight basis (Ham- 
merschmidt et al. 1982). 

Polyphenol oxidase 

Enzyme extract was prepared as per the procedure given for 
the estimation of PO. Polyphenol oxidase (PPO) (EC 
1.14.18.1) activity was assayed using a slight modification of 
the method described by Mayer et al. (1965). The standard 
reaction mixture contained 1.5 ml of 0.1 M sodium phos¬ 
phate buffer (pH 6.5), 0.5 ml of enzyme extract preparation, 
200 pi of 0.01 M catechol. The reaction mixture was incu¬ 
bated at room temperature (28 ± 2°C). To initiate the reac¬ 
tion, 200 pi of 0.01 M catechol was added and the activity 
was expressed as changes in optical density absorbance 
were recorded at 3 s intervals for 2 min at 495 nm min -1 g -1 
fresh weight basis. 

Superoxide dismutase 

For preparation of the enzyme extract, 1 g each peel and 
pulp sample from fruit was homogenized in 2 ml of pre 
cooled 0.2 M citrate phosphate buffer adjusted with pH 
6.5 at chilled condition. The homogenate was centrifuged 
at 15,000 g at 4°C for 30 min. The supernatant served as 
enzyme source and SOD activity (EC 1.15.1.1) was deter¬ 
mined as its ability to inhibit the photochemical reduction 
of NBT (Giannospolitis & Ries 1977). The assay sample mix¬ 
ture (3 ml) contained 50 mM sodium phosphate buffer (pH 
7.8), 13 mM methionine, 0.1 mM EDTA, 75 pM NBT, 2 pM 
riboflavin and 100 pi of the enzyme extract and the 


riboflavin was added at the end. Tubes were shaken gently 
and placed under a 40 W fluorescent light at 25°C. The reac¬ 
tion was initiated and terminated by adjusting the duration 
of fluorescent light and dark, respectively. The absorbance at 
560 nm was measured against identical non-illuminated in 
parallel to the sample mixture tubes for blank. Each assay 
extract was subtracted from the blank value and mathemat¬ 
ical difference was then divided by blank and multiplied by 
100 to obtain the percentage inhibition of NBT photo¬ 
reduction. The SOD activity was expressed in SOD units 
mg -1 tissue (50% NBT inhibition = 1 unit) (Belid El- 
Moshaty et al. 1993). 

Catalase 

Catalase (CAT) defense-related enzyme activity (EC 
1.11.1.6) was detected spectrophotometrically as described 
by Chaparro-Giraldo et al. (2000) using 3 ml sample mixture 
containing 100 mM potassium phosphate buffer (pH 7.5) 
and 2.5 mM H 2 0 2 prepared immediately before use and 
100 pi enzyme extract. The activity was quantified by moni¬ 
toring the degradation of H 2 0 2 using UV-Visible spectro¬ 
photometer at 240 nm over 1 min, against a treated plant 
extract free blank. The decrease in H 2 0 2 was followed 
as the decline in optical density at 240 nm, activity was 
estimated using the extinction coefficient (£ 240 ™ - 
40 mM -1 cm -1 ) for H 2 0 2 and expressed in pmol min -1 
mg -1 of plant tissue. 

Native polyacrylamide gel electrophoresis analysis 

For analysis of isoform, fruit samples were obtained in the day 
of which exhibit maximum enzyme activities under colori¬ 
metric assay. 

Peroxidase 

To reveal the expression pattern of PO isoforms in response 
different treatments, native gel electrophoresis was executed. 
For native anionic polyacrylamide gel electrophoresis 
(PAGE), resolving gel of 8% and stacking gel of 4% were pre¬ 
pared. After completing electrophoresis, the hyaline gels were 
submerged incubated in the solution containing 0.15% benzi¬ 
dine dissolved in 6% NH 4 C1 for 30 min in dark condition. 
Then few drops of 30% H 2 0 2 were added with gentle shaking 
till the reddish brown color bands appear. After staining, the 
gel was slowly washed with de-ionized water and photo¬ 
graphed (Sindhu et al. 1984). 

Polyphenol oxidase 

Enzyme was extracted by homogenizing 1 g of fruit tissue in 
pre cooled 0.01 M potassium phosphate buffer (pH 7.0). The 
homogenate was centrifuged at 20,000 xg for 15 min at 4°C 
and the obtained supernatant was used as enzyme source. 
After native electrophoresis, the gel was bring to a chemical 
stasis for 30 min in 0.1% p-phenylenediamine diluted in 
0.1 M potassium phosphate buffer (pH 7.0) followed by add¬ 
ing of 10 mM catechol in the prepared buffer. The addition of 
catechol was followed by a gentle shaking which resulted in 
appearance of dark brown discrete bands (Jayaraman et al. 
1987). 
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Superoxide dismutase 

Activity gel electrophoresis was carried out in 8% polyacryl¬ 
amide gels for superoxide dismutase (SOD) activity staining. 
Electrophoresis running conditions and gels were prepared as 
described by Laemmli (1970) lacking sodium dodecyl sulfate. 
Equal amounts of enzyme extract (40 pg) were loaded on to 
each lane. SOD activity was determined on native PAGE 
gels as described by Beauchamp and Fridovich (1971) and 
modified by Azevedo et al. (1998). The gels were rinsed in 
deionized water and incubated in the dark condition for 
30 min at room temperature (28 ± 2°C) in an assay mixture 
containing 50 mM potassium phosphate buffer (pH 7.8), 
1 mM EDTA, 0.05 mM riboflavin, 0.1 mM nitrobluetetrazo- 
lium and 0.3% (v/v) N,N,N,N-tetra methyl ethylene diamine 
(TEMED). At the end of this incubation period, the gels were 
rinsed with deionized water and replaced in fresh deionized 
water and exposed on a light illuminator for 5-10 min at 
room temperature until the development of colorless bands 
of SOD activity in a purple-stained gel was visible. The reac¬ 
tion was stopped by transferring the gels to freshly prepared 
6% (v/v) acetic acid. 


Catalase 

Activity gel electrophoresis was experimented using 8% poly¬ 
acrylamide gels for CAT activity staining. Electrophoresis 
conditions and gels were prepared as described by Laemmli 
(1970) which lacking SDS. Equal amounts of enzyme extracts 
(40 pg) were loaded on to each lane. Gels were incubated in 
0.003% H 2 0 2 for 10 min and developed in a 1% (w/v) 
FeCl 3 and 1% (w/v) K 3 Fe (CN 6 ) solution for 10 min. 


Statistical analysis 

All the analyses were repeated once with similar results. The 
data were statistically analyzed by IRRISTAT package ver¬ 
sion 92 developed by Biometrics Unit of International 
Rice Research Institute, Philippines (Gomez & Gomez 
1984). The treatments means were compared by DMRT 
analysis. 

Results 

The results of in vitro screening, colorimetric assay and iso¬ 
form analysis revealed that combinatorial application of 
P. fluorescens (Pfl) and lipoxygenase hexanal significantly 
inhibited the pathogen growth and increased activities of 
defense-related enzymes viz., PAL, PO, PPO, SOD and 
CAT in the mango fruits against postharvest stem-end rot 
disease under storage condition. 


Plate 1 . Pathogenicity of L. theobromae on mango fruits. 

Pathogenicity 

The symptoms produced by artificial inoculation of 
L. theobromae showed typical black lesions starting from 
the stem end of the fruit and progressing towards the basal 
end. The lesions were expressed by the inoculated fruits 7 
days after inoculation, which enlarged rapidly and the 
whole fruit turned black within 3-4 days (Plate 1). 

Evaluation of bacterial antagonist's and its 
compatibility with hexanal 

Both bacterial antagonists’s P. fluorescens Pfl and B. subtilis 
EPC016 tested significantly reduced the mean mycelial 
growth of L. theobromae. Among three different hexanal 
dilutions tested compatibility on antagonists, 0.06% concen¬ 
tration recorded higher inhibition of bacterial population, fol¬ 
lowed by 0.04% and 0.02% (Table 1). 

Phenylalanine ammonia lyase 

Significant increase in the PAL activity was observed in the 
fruits which were dipped in 0.5% P. fluorescens (Pfl) + 2% hex¬ 
anal cross inoculated with L. theobromae (0.28) simultaneously 
followed by dipping in 0.5% P. fluorescens (Pfl) and dipping in 
0.5% B. subtilis (EPC016) + 2% hexanal (0.24) on 3rd day after 
treatment, when compared to healthy control (0.14). The 
increased activity was observed up to 3 days after treatment 
and thereafter declined (Table 2; Figure 1). 

Peroxidase 

In the present colorimetric assay results revealed that the PO 
activity was significantly increased in the inoculated mango 
fruits dipped in 0.5% P. fluorescens (Pfl) + 2% hexanal fol¬ 
lowed by postharvest dipping of 0.5% P. fluorescens (Pfl) 



Table 1 . Population count of P. fluorescens (Pfl) in Kings-B broth and B. subtilis (EPC016) in nutrient broth supplemented with different concentrations of hexanal. 


T. no. 

Flexanal concentration (%) 

Bacterial population (CFU ml 

')of Pf1 a 

Bacterial population (CFU ml b of EPC016 3 

Days after inoculation 

Days after inoculation 


1 st day 

3rd day 

5th day 

1 st day 

3rd day 

5th day 

1 

0.02 

10.97 x10 s 

9.70 x10 s 

2.97 x10 s 

10.27 x10 s 

9.57 x10 s 

2.43 x10 s 

2 

0.04 

10.43 x10 s 

7.40 x10 s 

2.57 x10 s 

9.97 x10 s 

8.27 x10 s 

2.17x10 s 

3 

0.06 

10.27 x10 s 

4.03 x10 s 

1.80 x10 s 

9.30 x10 s 

3.97 x10 s 

1.37x10 s 

4 

Control 

3.70 x10 9 

4.68 x10 9 

4.37 x10 9 

3.20 x10 9 

4.93 x10 9 

3.56 x10 9 


a Values are means of three replications. 

Note: CFU ml -1 - colony forming unit per ml of liquid formulation. 
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Table 2. Influence of bio-inoculants and carbendazim on PAL activity of mango 
fruit tissue challenged with L. theobromae. 

PAL activity (*n mol trans- 
cinnamic acid min -1 g -1 of 
fresh tissue) days after 
challenge inoculation* 


T. no. 

Treatments 

0 

3 

5 

7 

1 

Postharvest dipping in 0.5% 

P. fluorescens (Pfl) 

0.16 b 

0.24 b 

0.22 b 

0.19 b 

2 

Postharvest dipping in 2% hexanal 

0.12 C 

0.18 d 

0.16 d 

0.14 C 

3 

Postharvest dipping in 0.5% 

P. fluorescens (Pfl) + 2% hexanal 

0.18 a 

0.28 a 

0.24 a 

0.22 a 

4 

Postharvest dipping in 0.5% 

B. subtilis (EPC016) + 2% hexanal 

0.12 C 

0.24 b 

0.20 c 

0.19 b 

5 

Postharvest dipping in 0.1% 
carbendazim 

0.12 C 

0.19 C 

0.16 d 

0.14 C 

6 

Inoculated control 

0.13 C 

0.18 d 

0.15 e 

0.14 C 

7 

Healthy control 

0.15 bc 

0.14 e 

0.12 f 

0.12 d 


*Days after treatment; *Mean of three replications. 

Note: In a column, means followed by a common letter is not significantly differ¬ 
ent at the 5% level by DMRT. 

alone when compared to inoculated control upon challenge 
inoculated with L. theobromae. The increased activity was 
observed up to 3 days after treatment and thereafter gradually 
decreased (Figure 2). Native PAGE analysis revealed the 
induction of two isoforms viz., POl and P02 in inoculated 
and postharvest dipped mango fruits when compared to 
healthy control. In addition to two isoforms, expression of 
another isoforms was observed in T3 (postharvest dipped in 
0.5% P. fluorescens (Pfl) + 2% hexanal) (Plate 2). 


Polyphenol oxidase 

Significant induction of PPO activity was observed in the 
mango fruits challenged with the pathogen L. theobromae, 


T1 T2 T3 T4 T5 T6 T7 



Plate 2. Expression of PO isoforms in mango fruits challenged with 
L. theobromae. 

and dipped in 0.5% P. fluorescens (Pfl) + 2% hexanal. The 
increased activity was observed up to 3 days after treatment 
and thereafter gradually decreased (Figure 3). Native PAGE 
analysis revealed the induction of three isoforms viz., PPOl, 
PP02 and PP03 in the pre-inoculated and dipped mango 
fruits when compared to healthy control (Plate 3). 

Superoxide dismutase 

SOD activity was increased in the mango fruits challenged 
with the L. theobromae, which were dipped in 0.5% 
P. fluorescens (Pfl) + 2% hexanal simultaneously followed 
by dipping in 0.5% P. fluorescens (Pfl) at 3rd day after treat¬ 
ment, when compared to healthy control. The increased 
activity was observed up to 3 days after treatment and there¬ 
after declined (Figure 4). Native PAGE analysis revealed the 
induction of two isoforms viz., SOD1 and SOD2 in the pre- 




+T2 

-A-T3 

-*-T4 

-*-T5 

— H-T7 


Days after inoculation 

Figure 1 . Influence of application of hexanal, biocontrol formulations and car¬ 
bendazim on phenylalanine ammonia lyase (PAL) activity of mango fruit tissue 
challenged with L. theobromae. 


Figure 3. Influence of application of hexanal, biocontrol formulations and car¬ 
bendazim on PPO activity of mango fruit tissue challenged with L. theobromae. 



-*-T4 

-*-T5 

-•-T6 

— T7 


Figure 2. Influence of application of hexanal, biocontrol formulations and car¬ 
bendazim on PO activity of mango fruit tissue challenged with 
C. gloeosporioides. 


T1 T2 T3 T4 T5 T6 T7 

PPO 1 
PPO 2 

•IK PPO 3 


Plate 3. Expression of PPO isoforms in mango fruits challenged with 
L. theobromae. 
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Days after inoculation 


Figure 4. Influence of application of hexanal, biocontrol formulations and car- 
bendazim on SOD activity of mango fruit tissue challenged with L. theobromae. 



Plate 5. Expression of CAT isoforms in mango fruits challenged with 
L. theobromae. 


inoculated and dipped mango fruits when compared to 
healthy control (Plate 4). 

Catalase 

CAT enzyme activity was increased in the fruits challenged 
with the pathogen L. theobromae , which were dipped in 
0.5% P. fluorescens (Pfl) simultaneously followed by dipping 
in 0.5% P. fluorescens (Pfl)+ 2% hexanal at 3rd day after 
treatment, when compared to healthy control (Figure 5). 
The increased activity was observed up to 3 days after treat¬ 
ment and thereafter declined. Native PAGE analysis revealed 
the induction of isoforms in the pre-inoculated and dipped 
mango fruits when compared to healthy control (Plate 5). 



Plate 4. Expression of SOD isoforms in mango fruits challenged with 
L. theobromae. 



Figure 5. Influence of application of hexanal, biocontrol formulations and car- 
bendazim on CAT activity of mango fruit tissue challenged with L. theobromae. 


Discussion 

Incidence of postharvest decay and shelf-life reduction due to 
stem-end rot disease caused by L. theobromae play a signifi¬ 
cant role in diminishing the quality of export mango fruits 
apart extensive losses in native markets. Postharvest patho¬ 
gens affect the fruit after harvesting or while fruit is still 
attached to the tree as quiescent infection. Moreover, the 
development of fungicidal resistance in pathogen strains 
(Ippolito & Nigro 2000) and the disposal of large quantities 
of fungicidal dipping solutions and lots could also affect the 
environment. Presently consumers and industries prefer pur¬ 
chasing mango fruits that is not treated with chemical pesti¬ 
cides, which is free from hazardous materials and safe for 
consumption. Therefore, it is mandatory need to find an 
eco-friendly alternative approach to postharvest disease con¬ 
trol and shelf-life enhancement. Natural plant protecting and 
shelf-life-inducing compounds, such as bio-inoculants and 
their components, that show antimicrobial and shelf-life- 
enhancing activities, least mammalian toxicities and less 
environmental effects (Burt 2004). 

Inducing the inherent defense pathways in plant system by 
prior application of biological inducer is a novel ecological- 
based plant protection approach. Bio-inoculants like bacterial 
antagonists can play a vital role in such approaches, and could 
emphasize the extended protection to the commodity 
through spatial competition, antibiosis and induction of 
defense pathways (Manikandan & Raguchander 2014). Com¬ 
bining different biocontrol agents can contribute to better 
control of pathogens (Spadaro & Gullino 2005). Recent 
study imply that combined application of bacterial antagon¬ 
ists like P. fluorescens , B. subtilis with hexanal drastically 
reduced the pathogen population in vitro and strengthen 
the cell wall structures resulting in restriction of pathogen 
infection (Ahemad & Kibret 2014; Wang et al. 2014). The 
recent approach is to design the non-chemical strategy by 
combining the positively compatible approaches to achieve 
effective disease control. In this regard, a combination of aci- 
benzolar-s-methyl and P. fluorescens Pf2 provided better con¬ 
trol of Ralstonia solanacearum on tomato than either agent 
applied singly (Abo-Elyousr et al. 2012). Application of fun¬ 
gal biocontrol agent and inorganic resistant inducer leads to 
increase resistance-related compounds in cotton (Abo- 
Elyousr et al. 2009). Hexanal is one of the most widespread 
fungicidal volatile compounds naturally occurring in the 
plant tissue and products (Thavong et al. 2011). Fan et al. 
(2006) reported that spore viability of Penicillium expansum 
was reduced by 94% following exposure to hexanal vapor of 
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40 [imol 1 _1 for 24 h, compared with 20% at 9 pmol 1 _1 . Hex- 
anal vapor at 900 pi l -1 for 12 or 24 h or 450 pi l -1 for 24 h 
was sufficient to inhibit all tested pathogens while treatment 
with 200 pi l -1 for 24 h had only a limited effect (Song et al. 
2007). The phospholipases synthesis which serve facilitate 
survival of the pathogen in vivo, invasion and dissemination 
throughout the host, expression of virulence traits and eva¬ 
sion of host immune defense mechanisms was inhibited by 
hexanal (Tiwari & Paliyath 2011; Karthika et al. 2015). In 
the present study maximum increase in defense-related 
enzyme content was achieved by combinatorial application 
of volatile organic compound hexanal and bacterial antagon¬ 
ist P. fluorescens. It also has been suggested by different 
researchers that bio-inoculants mixture should be applied 
to ensure adequate disease control under various conditions. 
This was most probably interconnected with antagonistic 
action of multiple components leads to rapid reduction in 
pathogenic inoculums over the surface of fructosphere. In 
addition to direct way of antagonism, biocontrol agents like 
Pseudomonas spp. (Peeran et al. 2014) and Bacillus spp. 
(Alvindia & Acda 2015) increased the activities of various 
defense-related enzymes and compounds in response to 
pathogen infection and there by inhibited the postharvest dis¬ 
ease of perishable fruits through induction of defense-related 
compounds. 

PAL is the first key enzyme involved in phenylpropanoid 
pathway in plant system and plays a key role in phenolics and 
phytoalexins biosynthesis (Bashan et al. 1985). In the present 
study, PAL activity was recorded in increased manner in the 
response of bio-inoculants dipped mango fruits challenged 
with the pathogen L. theobromae and reached maximum on 
the 3rd day after challenge inoculation. In the fruits inocu¬ 
lated with pathogen alone, the activity much reduced 
throughout the experimental period. Invasion of fruit peel tis¬ 
sues by the pathogen might have resulted in such decreased 
activity, whereas earlier increased activity of PAL due to 
bio-inoculants application might have prevented invasion of 
L. theobromae pathogen. An increase in the level of 
mRNAs encoding for PAL was observed in the early stages 
of interaction between bean roots and various rhizobacteria 
(Zdor & Anderson 1992). Though most of the bacterial 
antagonists showed increased activity of PAL, the 
P. fluorescens (Pfl) strain recorded higher activity of PAL 
(Ramamoorthy et al. 2002; Karthikeyan et al. 2007; Manikan- 
dan & Raguchander 2014). Induction of PAL by fluorescent 
pseudomonads (FP7) was reported in mango against Colleto- 
trichum gloeosporioides (Vivekanandan et al. 2004b). Bacillus 
megaterium strain L8 enhances the activity of PAL and other 
defense enzymes (PO, PPO, SOD and CAT) against Pythium 
aphanidermatum on cucumber (Liang et al. 2011). 

POs play a vital role in the regulation of plant cell 
elongation, phenol oxidation, cross-linking of polysacchar¬ 
ides, cross-linking of extension monomers, IAA oxidation, 
oxidation of hydroxyl-cinnamyl alcohols into free radical 
intermediates and wound healing (Vidhyasekaran et al. 
1997). PO is associated with disease resistance in plants 
(Hammerschmidt & Kuc 1995) and enhanced levels of PO 
were noticed in fluorescent pseudomonads in plants such as 
sugarcane against Colletotrichum falcatum (Viswanathan & 
Samiyappan 1999), mango against C. gloeosporioides (Viveka¬ 
nandan et al. 2004a, 2004b), chilies against Colletotrichum 
capsici (Bharathi et al. 2004), rose against Diplocarpon rosae 
(Karthikeyan et al. 2007). In the present study elevated 


activity and expression of more isoforms on mango fruits 
treated with combined application of P. fluorescens (0.5%) 
+ hexanal (0.02%) challenged with L. theobromae. Increased 
PO activity in treated fruits might have contributed for resist¬ 
ance mechanism against pathogens. Contrarily, in the case of 
the inoculated control and carbendazim fungicide check, 
reduction in PO enzyme activity was observed from the 
beginning. 

Polyphenoloxidase (tyrosinase) is a copper-containing 
oxidase enzyme responsible for browning of fruits that 
mainly oxidizes phenolics to highly toxic quinines and is 
involved in the terminal oxidation of diseased plant tissue 
and role in disease resistance. PPO usually accumulates 
upon wounding in plants. PPO can be induced via octadeca- 
noid defense signal pathway (Constabel et al. 1995). 
Expression of new PPO isoforms was observed in 
P. fluorescens (Pfl) treated tomato plants challenged with 
F. oxysporum f. sp. lycopersici (Ramamoorthy et al. 2002). 
Saravanan et al. (2003) reported that P. fluorescens induced 
twofold increases in PPO in banana roots against Fusarium 
wilt disease. Vivekananthan et al. (2004b) reported that the 
PPO isoforms PPOl, PP02 and PP03 were induced in fruits 
dipped with the P. fluorescens (FP7) + Chitin amendment- 
based bio-inoculants treatments. In our study, PPO induction 
by both enzyme level and isoforms were higher in mango 
fruits treated with combined application of P. fluorescens 
and least concentration of hexanal. It is suggested that inter¬ 
action of mango fruits with bio-inoculants triggered the 
induction of might PPO activity and that would have been 
responsible for restriction of pathogen. 

Fungal infection induces the activity of SOD that catalyze 
the reaction 20 2 + 2H + = 0 2 + H 2 0 2 (Beauchamp & Frido- 
vich 1971) and H 2 0 2 causes degradation of membrane and 
many cellular macromolecules. To restrict its activity, an 
enzyme called PO and CAT gets activated simultaneously, 
which act as scavenging enzyme to destroy free radicals and 
H 2 0 2 (Gangopadhyay et al. 1996). Plants produced array of 
active oxygen species (AOS) such as superoxide anion (0 2 ), 
hydrogen peroxide (H 2 0 2 ) and hydroxyl radical (OH) as 
one of the earliest signaling mediated responses to attempted 
infection by pathogens (Grant & Loake 2000). In the current 
study, treatment of the mango fruits with combined bio- 
inoculants scavenging enzymes SOD and CAT activity was 
expressed in both quantitative and qualitative experiments 
and it might be responsible factor for the prevention of dis¬ 
ease symptoms in mango. The observed results presented 
here exemplified that in mango fruits treated with 
P. fluorescens (Pfl) and hexanal, higher induction of 
defense-related enzymes, in both colorimetric and activity 
gel analysis was observed against the invasion of fungal 
pathogen L. theobromae. In the case of pathogen inoculated 
control alone, reduced activity of enzymes in colorimetric 
assay and few bands were observed in activity gel expression 
analysis. In respect of fungicide, carbendazim least expression 
of enzymes were noticed which clearly indicates that the 
application of bio-inoculants either alone or consortia even¬ 
tually induced the defense enzymes for restriction of posthar¬ 
vest pathogens. 

From the above evidences, it is evidenced that treatment 
with antagonist P. fluorescens and hexanal induced defense- 
related enzymes such as PO, PPO, PAL, SOD and CAT in 
mango fruits against stem-end rot pathogen L. theobromae. 
This offers a promising tool for enhancing the resistance 
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against latent infection of postharvest pathogens in mango 
under storage conditions. 
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